ABSTRACT: Multivalent polymers offer a powerful opportunity to develop theranostic materials on the size scale of proteins that can provide targeting, imaging, and therapeutic functionality. Achieving this goal requires the presence of multiple targeting molecules, dyes, and/or drugs on the polymer scaffold. This critical review examines the synthetic, analytical, and functional challenges associated with the heterogeneity introduced by conjugation reactions as well as polymer scaffold design. First, approaches to making multivalent polymer conjugations are discussed followed by an analysis of materials that have shown particular promise biologically. Challenges in characterizing the mixed ligand distributions and the impact of these distributions on biological applications are then discussed. Where possible, molecular-level interpretations are provided for the structures that give rise to the functional ligand and molecular weight distributions present in the polymer scaffolds. Lastly, recent strategies employed for overcoming or minimizing the presence of ligand distributions are discussed. This review focuses on multivalent polymer scaffolds where average stoichiometry and/or the distribution of products have been characterized by at least one experimental technique. Key illustrative examples are provided for scaffolds that have been carried forward to in vitro and in vivo testing with significant biological results.
■ THE PROMISE OF MULTIFUNCTIONAL POLYMER SCAFFOLDS FOR THERAPEUTICS AND DIAGNOSTICS
Conjugation of polymer scaffolds with multiple copies of targeting ligands, drugs, and dyes has become a popular approach for achieving the aim of theranostics: materials useful for both diagnosis and treatment of disease ( Figure 1 ). 1−9 Enhanced targeting via multivalent binding, reporting location of action, and optimal impact at the target via delivery of a multidrug payload are important goals of theranostic design. In this manner, researchers hope to speed diagnosis and treatment as well as improve a drug's therapeutic index. 5,10−12 These concepts were summarized in 1975 by Ringsdorf, who noted that polymer conjugates offer the possibility to continuously vary active size and functionality on the scaffold and therefore tune solubility, toxicity, and biodistribution. 13 However, this flexibility in terms of property design introduces an inherent challenge common to theranostics as well as multivalent polymers designed solely for targeting, imaging, or therapy: heterogeneity introduced by the attachment of functional ligands to polymer scaffolds. 14, 15 This critical review will first address the source of conjugation heterogeneity and provide examples of how such heterogeneity is encountered and treated in the literature. We will then discuss how heterogeneity can impact the function of multivalent polymers and theranostics. Finally, we will review recent approaches to overcoming conjugation heterogeneity. Scaffold heterogeneity (i.e., polydispersity of the polymer) is also an important consideration for developing well-defined, clinically relevant polymer therapeutics. Scaffold polydispersity is dependent on both the chemical nature of the polymer and the backbone structure (linear, branched, hyperbranched, dendritic). The effect of polydispersity from polymer synthesis strategies (i.e., bottom-up/divergent and top-down/convergent approaches) on resulting conjugates will also be addressed. For readers interested in the implications of ligand conjugation distributions and the resulting distribution of physicochemical, functional, and biolocalization properties upon United States Food and Drug Administration (U.S. FDA) and European Medicines Agency (EMA) approval of medicinal, drug, cosmetic, and food products, we refer to the recent book Characterization of Nanoparticles Intended for Drug Delivery prepared by the Nanotechnology Characterization Laboratory of the National Cancer Institute and recent reviews on the subject.
16−21
As we will examine in detail, the material resulting from the various synthetic strategies differs in terms of final polymer structure. The ideal convergent polymer synthesis strategy can result in nearly molecular control of structure with full control of three-dimensional architecture, molecular weight, and hydrophobicity. From the point of view of making reproducible material and achieving uniform biodistribution and pharmacokinetics, these are highly desirable properties. However, challenges to the convergent strategy include scaling syntheses to production levels and achieving materials in higher molecular weight ranges. A less obvious concern is that following this strategy to make a single material with a particular set of toxicity, imaging, biodistribution, and pharmacokinetics properties is akin to performing small molecule drug discovery one molecule at time, a practice that has long since given way to the evaluation of libraries of lead compounds. At this time, little data exists for most polymer systems, with the exception of monofunctional poly(ethylene glycol) (PEG), 22−25 to predetermine the ideal ligand-to-scaffold ratios for synthetic efforts. Synthetic strategies employing preformed polymer scaffolds offer the promise of a greater range of molecular weights and cheaper, more readily scalable scaffold syntheses. Challenges to such approaches include molecular weight dispersity in the scaffold and statistical distributions of conjugated, functional ligands that can yield mixtures of tens, hundreds, or thousands of structures, with the accompanying variation in toxicity, imaging, biodistribution, and pharmacokinetic properties. The ability to reproduce such mixtures at production scale is also a grave concern. However, if one ceases to tout the homogeneity of such materials and instead embraces the library of important properties generated, then these methods provide an interesting way to screen activity of a wide array of ligand-to-scaffold ratios, and even molecular weights, which may lead to the desired biological properties. In addition, given the heterogeneous properties of some diseases, such as cancer, a range of properties may be desirable. Applying such mixtures of materials to discovery of new biomedical applications is, in this sense, akin to current small molecule library strategies. However, testing these mixtures leaves the researcher with the difficult task of identifying which fractions are responsible for beneficial properties. This approach has been most fully explored to date in the development of BIND-014, a poly(D,L-lactide) (PLA) and PEG copolymer encapsulating docetaxel that is targeted via prostate-specific membrane antigen (PSMA). 26, 27 The general strategy of self-assembly of functionalized components, 5 a convergent approach, has also been exploited for siRNA treatment of solid tumors (CALLA-01) 19 and for a nicotine vaccine (SEL-068). 19, 28 The BIND, CALLA, and SEL systems will not be discussed further, as they are noncovalent self-assemblies subject to substantially different kinetic and thermodynamic challenges in terms of assembly, biological stability, and ligand distributions compared to those of the covalent polymer scaffolds that are the focus of this review.
Attachment of multiple targeting ligands enhances binding of the polymer conjugate to cells and tissues that overexpress a certain receptor. 2, 7, 23, 29, 30 Active targeting can minimize negative side effects in healthy tissues and allow for a higher tolerable dosage of drug. High loading of molecular drugs, such as chemotherapeutics like methotrexate 31 or antibiotics like vancomycin, 32 onto the polymeric scaffold 7, 29, 30 enables multivalent delivery of the drug to the same cell. Conjugation of fluorescent dyes to polymers, to allow for in vitro and in vivo imaging, solubilizes the typically hydrophobic dyes and enables imaging of biological structures and studies of conjugate biodistribution. When creating theranostics, two 33−36 or three 37−40 subsequent multivalent modifications are performed on the same scaffold to create a multifunctional, targeted, drug delivery vehicle that can be tracked by fluorescence microscopy.
■ APPROACHES TO FORMING MULTIVALENT POLYMER CONJUGATES
The polymer conjugate can be formed by (I) assembly of functionalized components concomitant with the formation of the polymer backbone or (II) reaction after the polymer scaffold has been assembled. Process I is illustrated as a convergent dendrimer synthesis (Figure 2a ) 41−44 and as polymerization of functional oligomers (Figure 2b ) employing units to which the desired targeting agent, drug, or dye is already attached. In process II, the functional group is attached after the scaffold is formed, and this is illustrated for materials synthesized using a divergent dendrimer synthesis ( Figure  2c ) 45−54 and for hyperbranched polymers (Figure 2d ). For purposes of controlling conjugation and scaffold heterogeneity, convergent strategies offer many advantages.
55−57 Dendrimer made in this fashion tends to have fewer missing branches, and synthetic procedures can generally be carried out with stoichiometric amounts of reagents, as opposed to the vast excesses frequently necessary for divergent syntheses. If the convergent process originates from the functional ligand, heterogeneity of the conjugated functional group in the final product is directly correlated with scaffold defects and, for lower-generation dendrimers at least, can be quite low. The two major limitations on this strategy include efficiently achieving the central coupling step as generation increases and the requirement that the number of functional groups is a multiple of the number of arms (Figure 2a ). The difficulty in completing the central coupling step as generation increases results in an overall limitation on polymer size and molecular weight. Strategies to get around this problem have included a hybrid approach that employs both divergent and convergent strategies; 58 however, this does induce heterogeneity of the kind discussed in the next section. The nondendrimer equivalent to a convergent approach would be bottom-up synthesis of oligomer scaffolds to include multiple copies of the ligand of interest or attachment sites within the oligomer backbone (Figure 2b ). For example, sequence-specific incorporation of a click ligand onto a peptoid backbone. 59 This procedure is also limited by the cost of synthesis and is limited to only shorter oligomers with molecular control.
Conjugation of ligands to preformed polymer scaffolds is generally accomplished by one-pot or sequential attachment of the ligands to generate the desired average ligand-to-scaffold ratio (Figure 2c,d ). This typically allows for larger scale syntheses of the polymer scaffold (i.e., divergent synthesis of dendrimer and traditional polymerization techniques for other architectures). The polymer scaffold often has many sites available for chemical modification; for example, poly-(amidoamine) (PAMAM) dendrimers have (theoretically) 4− 4000 primary amines, depending on generation (G1−G11), available for peptide coupling. 60, 61 For nondendritic scaffolds, the number of attachment sites varies by formulation chemistry of the monomer, architecture (branched, linear), molecular weight, and scaffold polydispersity/molecular weight distribution. Such scaffolds have the advantage of many possible conjugations sites and high MW, enabling them to provide solubility to many hydrophobic ligands; however, conjugation results in a statistical distribution of ligand-to-scaffold ratios. 14, 15 Examples of the impact of conjugation statistics on product distributions are discussed below. Additional useful discussion of this problem can found be in a number of recent articles and reviews.
14,15,62−64 Consider a generic case where a multivalent polymer scaffold with a large excess of attachment sites is conjugated to an average of 4 targeting ligands, 5 copies of a drug, and 3 molecular dyes. Such a theranostic is commonly represented in the literature by a cartoon such as that in Figure  1 . The statistically controlled reaction between each ligand and the available scaffold sites generates a Poisson distribution of products ( Figure 3 ). The attachment of 4 targeting agents to the scaffold results in 14 unique species with ligand-to-scaffold ratios ranging from 0 to 13. Although the dendrimer conjugated to 4 targeting agents is the most common species in this distribution, it represents only approximately one in five (20%) species present in the sample. To further complicate matters, heterogeneity due to stochastic conjugation is multiplicative. When the targeted scaffold is further treated with 5 equiv of drug, a new distribution is created. Approximately 15 drug-toscaffold ratios are present in this new sample, with approximately 9 in 50 (18%) particles having 5 copies of the drug per scaffold. However, there are now over 200 unique species present in the sample resulting from the product of the first two Poisson distributions. After adding a third entity (3 equiv of dye), there are now approximately 2500 unique ligandto-scaffold ratios present in the sample. The single entity pictured in Figure 1 illustrates the arithmetic mean of each individual distribution (i.e., 4 targeting agents, 5 drugs, 3 dyes), but it represents just 1 out of every 250 (0.8%) particles present. Although it is the "average" material present, this average may not be meaningful in terms of biological behavior for any of the desired functional behaviors: targeting, therapeutic effects, or imaging. For any observed function of this material, whether in cell culture or in vivo, the challenge of understanding which fraction(s) of the 2500 species provide the desired activity raises a major hurdle to translating exciting results to the clinic.
The inherent challenges represented by these distributions can be further explored by considering additional quantitative aspects. Two percent of the sample lacks any targeting ligand and thus biodistribution is controlled primarily by size and hydrophobicity considerations. In addition, 9% of the sample contains less than two target ligands, which rules out any multivalent targeting for this fraction of the sample. One out of every 25 (4%) particles has fewer than 2 drugs attached and no longer has potential for increased activity compared to that of the free drug. One particle in 20 (5%) has no dye on it and is invisible to the intended imaging modality. One particle in 20 also has twice the amount of expected dye, and 1 in 100 (1%) particles has three times the average amount of dye. Indeed, the roughly 10 different dye/polymer ratios per particle result in dramatically different local concentrations of dye. This difference is greatest between 1 and 2 dye/particle, where there is an approximately 7 orders of magnitude difference in local concentration for a ∼30 kDa polymer. This causes dramatic changes in absorption and emission properties (vide inf ra). 65, 66 The preceding analysis has not yet considered the heterogeneity of the sample resulting from the polymeric scaffold, which can vary greatly, or spatial and regioisomers of multiple ligands, which can further impact the system. For polymer systems containing substantially restricted motion of the surface groups (i.e., cross-linked polymers, dendrimers with surfaces at the de Gennes packing limit, self-assembled systems when particles are gelled or solid, and all classes of inorganic nanoparticles), spatial isomers can rapidly lead to tens of thousands of functionally different isomers from a targeting, and possibly therapeutic, standpoint for the simple example illustrated in Figure 1 . In addition to the 2500+ species present from statistical considerations, the molecular weight dispersion present in even relatively homogeneous polymers will lead to different biodistribution behavior. For example, although polymers in the 20−30 kDa range are expected to be excreted through the kidney, polymers of 60−100 kDa are expected to be trafficked to the liver. 46, 67 The full statistical range of ligand conjugation convoluted with each mass range generates further challenges for understanding the origin(s) of both positive, desired effects as well as origin(s) of negative side effects. In addition, such complex mixtures offer a substantial challenge for reproducible synthesis when scaling the material from the milligrams needed for exploratory work to the kilograms required for clinical trials and drug productions.
■ SELECT EXAMPLES OF CONJUGATION HETEROGENEITY IN THE LITERATURE
The theoretical conjugation described above is representative of serial conjugations often encountered in the literature. For such materials, mean conjugation numbers are often assumed from initial stoichiometry of reactants, and explicit analyses to determine experimental average conjugation numbers are often not reported. For translation of a theranostic to the clinic, experimental measurement of average stoichiometry will likely be a minimal expectation, with an even more detailed understanding of product mixture likely necessary. For the purpose of this review, we will focus on multivalent materials where average stoichiometry and/or the distribution of products have been characterized by at least one experimental technique. In addition, the illustrative examples in this section are chosen because they have been carried forward to in vitro and in vivo testing with significant biological results. Figure  4a ). Assuming a stochastic conjugation, approximately 1 in 5 chains (20%) contained 5 drugs and about 1 in 10 chains (10%) contained 3 drugs in the full distribution from 0 to about 10 drugs per polymer chain. The actual distribution is likely substantially broader, since this estimate does not include the distribution in available linker sites per chain or the MW dispersity in chain size. The combination of these effects gives rise to tens to hundreds of species with variation in chain, hydrophobicity, and size that will give a range of distribution and pharmacokinetic properties. Efforts to improve MW dispersity of HPMA have included the development of atom transfer radical polymerization (ATRP) and reversible addition−fragmentation chain transfer (RAFT) polymerization. 72, 73 The comb polymer approach has also been employed for acetylene-functionalized poly(lactide) polymers combined with click functionalization using PEG and paclitaxel. 74 Another approach has been to avoid size dispersity inherent to linear polymers by moving to dendritic polymer architectures.
The bow-tie dendrimer developed by Frećhet and Szoka combined a G3 polyester dendron terminated with poly-(ethyleneoxide) (PEO) chains with a G4 polyester ester dendron linked to doxorubicin. 75 This material was particularly exciting because a single dose effectively treated C26 colon carcinoma xenograft tumors in mice. The 8−10 wt % drug loading based on absorbance measurements corresponds to an average of about 5−7 doxorubicin molecules per 16 arm G4 dendron (Figure 4b ). The two-step synthetic process used a vast excess of linker agent. Presuming complete reaction at this step, an average of 6 doxorubicin ligands would be present on 1 in 5 (20%) of the bow-tie dendrons, with a Poisson distribution giving about 9 ligand-to-scaffold ratios. Alternatively, for this example, in which the doxorubicin is conjugated onto 16 locations on one dendron arm, it is possible that steric constraints limit the number of doxorubicin bound per scaffold and served to narrow the distribution; however, ensemble-level characterization did not allow the two structural alternatives to be distinguished.
The Baker group has extensively used G5 PAMAM dendrimer coupled with stochastic conjugation of targeting, imaging, and therapeutic ligands. 9, 76, 77 The theranostic covalently conjugated to 5 dyes (FITC), 5 targeting ligands (folic acid), and 5 methotrexates, which showed exceptionally promising in vitro and in vivo activity, is one of the more complex materials. 31 The three stepwise conjugations of targeting agent, drug, and dye to G5 PAMAM (M N ∼28 kDa, PDI ∼1.1, with ∼110 amine end groups) result in over 4000 unique combinations (Figure 4c ). Only 1 particle in 200 (0.5% of the sample) has 5 copies of each ligand and corresponds to the arithmetic mean. Additionally, both folic acid and methotrexate have two carboxylic acids that can react with the amines of the scaffold (with one isomer being more active than the other), leading to as many as 14 400 possible combinations if folic acid regioselectivity is taken into account.
Despite the complexity of the mixture, this material was capable of completely eliminating KB xenograft tumors in mice.
Another important example of stochastic conjugation was recently reported by Kannan, Romero, and Kannan using G4 PAMAM dendrimers developed for treatment of cerebral palsey. 78 An initial stochastic conjugation of Boc-GABA (GABA = γ-aminobutyric acid) provided a conjugate with an average of 30 GABA ligands per 64 theoretical surface sites, thus generating an approximate Poisson distribution ranging from about 20−40 GABA ligands per dendrimer. The active agent, N-acetyl-L-cysteine (NAC), was then attached via the GABA ligands using two additional conjugations steps, each going to about 80% completion (Figure 4d ). The resulting material had an average ligand-to-scaffold ratio of 20 NAC ligands according to NMR and MALDI-TOF MS measurements. The initial GABA conjugation enforces the mean number of about 20 NAC ligands per dendrimer to be less than 10% of the total mixture with greater than 20 species present. Importantly, this mixture successfully reversed the symptoms of cerebral palsy in a rabbit disease model.
These four examples illustrate the promise of multivalent polymer conjugates as well as the challenges. In each case, the active, therapeutic fraction(s) are yet to be identified. In addition, the fraction(s) that contribute to toxicity remain to be identified. Viewed from this perspective, much work remains to optimize the therapeutic impact of such systems. Although multiple monovalent poly(ethylene glycol) (PEG) conjugates are in the clinic, 2,5,23,26 multivalent polymers have proven to be more difficult to translate. PK1 failed in phase II clinical trials. The Baker group was unable to scale the active components in their mixture to the kilograms needed to proceed to phase I clinical trials. Unfortunately, the scale-up process, which is expected to be difficult for the complex mixtures, generated material that was chemically and biologically inconsistent. 79 Still, in all four cases, a highly active fraction of material appears to be present. The problem is analogous to a therapeutic natural product present in a few percent in the bark of a tree, a microbe in the ground, or the mold on a crust of bread. The community needs to identify the active substances present in such polymer−conjugate mixtures, isolate them in a purer form, and test their efficacy.
Upon examination of ligand distribution challenges associated with the linear HPMA polymer (PK1), PAMAM dendrimer, and poly(ester) dendrimer scaffolds, the distribution of species resulting from statistically controlled reactions can appear daunting. This is particularly true for dendrimer systems where knowledge of both molecular weight and the mean number of multiple ligands present on the well-defined scaffold allows for a detailed analysis of the full range of products. It is important to realize that the lessons from the dendrimer analysis apply to all polymer scaffolds onto which a series of ligands is conjugated. In fact, the distributions and number of species estimated for the dendrimer systems serve as a lower bound because most other polymer scaffolds will have a greater MW distribution.
We conclude this section by examining G4 poly-L-lysine (PLL) dendrimer with napththalene disulfonic acid conjugated to the surface (SPL7013), which has been developed by Starpharma as VivaGel. This material has undergone nine clinical trials, including multiple phase III studies, and it is currently in a phase III clinical trial for use as a topical microbicide for bacterial vaginosis. 80−82 In this case, the base polymer has a MW of 4157 Da with roughly 90% of the sample corresponding to the theoretically expected structure based on MALDI-TOF MS and high-performance liquid chromatography (HPLC) analysis. 80 Conjugation of the 16 surface amines yielded material with a MW of 14 020 Da, the theoretically expected value, with a range of other material between ∼1342 and 14 630 Da. In this instance, the Poisson distributions present in the previous four examples were avoided by the exhaustive conversion of all surface amines with conjugated ligand. HPLC analysis suggests that 95% of the product is the desired material; however, estimates based on the MALDI-TOF MS data suggest a number of defects including failed conjugation at some sites is likely and that up to ∼10 defect structures may contribute to approximately 50% of the sample. 81 ■ CHARACTERIZING POLYMER−CONJUGATE HETEROGENEITY Heterogeneity in theranostics resulting from polymer conjugation is often overlooked, underestimated, or simply not addressed due to the difficulty in assessing it with available characterization tools. Many studies in the literature generate an equivalent to that in the cartoon in Figure 1 via experimental values that give an ensemble ligand-to-scaffold average value for the sample, such as nuclear magnetic resonance (NMR), optical absorption (UV/vis), and infrared (IR) spectroscopies or elemental analysis. Although a good starting point, ensemble averages are of limited value since they provide no information about the distribution of species present. Even for physical techniques capable of measuring the distribution of products, such as chromatography, 15, 83 photobleaching, 84 and mass spectrometry, 63 characterization of conjugation distribution remains challenging in the presence of scaffold mass and structural dispersity. For example, PAMAM dendrimers, often touted as having a low polydispersity index (PDI) with values reported well less than 1.1, 85, 86 still have significant branching defects. The G5 PAMAM with theoretical MW of about 29 000 Da consists of a species with a mass range of ∼8000 Da, even after oligomer and trailing defects are removed. 86 This means that the distribution of molecular weights generated by multivalent attachment of typical drugs and dyes (200−500 Da) is generally a factor of 2 to 10 narrower than the mass distribution of the dendrimer scaffold itself. Mass spectrometry and size-exclusion chromatography are generally incapable of distinguishing the unique species contributing to the distribution under this set of conditions. 14, 15 In addition, for mass spectrometry to be successful quantitatively, all species must have the same ionization probability. For these reasons, analytical methods that can decouple the scaffold MW distribution from the conjugation MW distribution arising from conjugation statistics are needed. Recently, we demonstrated that reverse-phase high performance liquid chromatography (rp-HPLC), in which hydrophobic ligands (i.e., small molecules such as dye, drugs, and targeting ligands or precursors with orthogonal functionality) provide a separation mechanism when conjugated to a hydrophilic scaffold (i.e., PAMAM dendrimer), can be used to quantify the conjugation distribution ( Figure 5) . 14, 15, 83, 87, 88 Simanek et al. have shown that rp-HPLC can be used to quantify distributions of PEG ligands on triazine dendrimers. 89 The mean, median, mode, and full distribution of ligand/dendrimer ratios present within a sample are readily ascertained. In order to obtain such data, the chromatographic methods employed (i.e., stationary phase selection, mobile phase gradient development) must be tailored to resolve the entities such that the separation obtained per hydrophobic ligand conjugated to the scaffold is greater than the peak width generated by the MW distribution ( Figure 5 ). Experimentally optimizing such chromatographic analyses can be time-consuming. Scaffolds with large PDI result in too large a peak width for the hydrophobic ligands to overcome. In addition, some ligands of great interest (for example, folic acid) do not yield the desired separation. Hakem et al. have demonstrated that the distribution of PEG chains multivalently conjugated to a protein (trypsin) can be determined by mass spectrometry. 63 Although it is a powerful tool, the applicability of mass spectrometry is limited, like chromatography, by the ability to resolve mass differences within the scaffold (small in the case of a protein) from mass differences from ligand-toscaffold ratios (large in the case of a 3.5 kDa or larger polymeric ligand such as PEG). Casanova et al. have demonstrated that stepwise photobleaching can be used to precisely count the number of fluorescent proteins multivalently conjugated to a single quantum dot within a distribution. 84 This technique, while showing excellent agreement with ensemble averages, is limited to fluorescing ligands and cannot be applied to many drug or targeting entities of interest. Despite some limitations, these approaches offer a powerful window into the details of conjugate heterogeneity for some classes of bioconjugates.
The discussion so far has assumed perfectly random conjugation statistics. A number of factors, including mass transport, solubility, autocatalysis, cooperativity in binding, and steric blocking of sites, may cause deviation from Poisson statistics. 14, 63, 87 Such perturbations can lead to significant differences in ligand-to-scaffold ratio distributions and yet go undetected by measurements of ensemble averages. Mullen et al. experimentally examined how mass transport could affect the observed distribution of ligand/polymer ratios.
14,62 Figure 6 gives examples of excellent ligand-to-scaffold mixing, yielding distributions similar to theoretically expected Poisson distribution (PD) ratios, and poor ligand-to-scaffold mixing, resulting in concentration gradients within the reactor. For both examples, the largest impact on the ligand-to-scaffold distribution for a given mean value is the effectiveness of mass transport during the reaction. As is illustrated in Figure 6 , poor mass transport results in a wider distribution of ligand-toscaffold ratios, with this effect getting more pronounced as the mean ligand-to-scaffold ratio increases. Even in the well-stirred case, the percentage of high ligand-to-scaffold ratios exceeds the theoretical value because this popular conjugation chemistry is autocatalyzed by the conjugation product. 88 
■ IMPACT OF CONJUGATION HETEROGENEITY ON MULTIVALENT BEHAVIOR
The modes of multivalent binding have been thoroughly reviewed elsewhere. 90, 91 Briefly, three mechanisms are generally described to explain the favorable influence of multivalency on binding kinetics (Figure 7 ). The first mechanism is effective concentration. Attaching multiple copies of a ligand to a single scaffold, particularly a dendritic architecture, can "prepay" the entropic penalty of achieving high local concentrations. This local increase in concentration is higher than the equivalent solution concentration containing the same amount of free ligand, as the scaffold immobilizes the ligand in a defined volume (Figure 7a ). Statistical rebinding describes the increased chance of a reattachment of the ligand/target interaction upon dissociation of the initial event, due to the high local ligand concentration (Figure 7b ). The localization of additional ligands increases the chances that, upon dissociation of the initial reaction, the same polymer-conjugate will rebind to the protein. Both of these concentration-dependent mechanisms become important when considering sample populations like those in Figure 6 . In particular, for the reaction carried out by mixing 9 equiv of ligand-to-scaffold, the sample with poor mass transport (Figure 6c ) has significantly more unfunctionalized, monofunctional, and bifunctional material, which will have distinctly different binding behavior as the effective concentration is much lower and rebinding events are less favored. The third mechanism, the chelate effect, describes the ability of a multivalent conjugate to undergo multiple binding interactions, which can increase avidity more than the sum of the independent interactions (Figure 7c ). This mechanism, which is likely the first that comes to mind when discussing multivalency, can be achieved by >99% of the population for the well-mixed sample (purple) but only 86% of the poorly mixed sample (blue) (Figure 6c ). These mechanisms work together, and large differences in behavior as a function of sample distributions can be expected.
■ MEASURING MULTIVALENT BEHAVIOR
Multivalent conjugates are often touted as having favorable kinetic, thermodynamic, and biological activity compared to that of their monovalent and/or small molecule counterparts. 92−94 This behavior is typically demonstrated by ex vivo and in vitro methodologies that show an increase in a desired behavior (i.e., binding, inhibition, toxicity) for the conjugate species. Problematically, like many characterization techniques, methods used to evaluate these desired functions are typically incapable of measuring the contributions from the species within a sample distribution and instead assess the overall ensemble impact. Surface plasmon resonance (SPR) binding measurements are employed to measure the association and dissociation rates of multivalent ligand-conjugates being flowed over a surface functionalized with receptor. 95−98 Although binding or dissociation of a unique conjugate is measured by this sensitive technique, the signal observed is the summation of all simultaneous events. Thermodynamic information about multivalent interactions can be measured by isothermal titration calorimetry (ITC), which measures the enthalpy and stoichiometry of binding in solution; 99 however, the values obtained are averaged across all species in solution. For example, assays of biological activity to measure cellular uptake, 100−102 activity inhibition, 103−106 or cytotoxicity 31 of a conjugate, are commonly employed to demonstrate clinical advantages of multivalent conjugates. These assays can be complicated by large differences in particle hydrophobicity caused by different total numbers of ligands per particle that can substantially change biolocalization properties. In all three cases, the methods provide ensemble-level data, and it is difficult or impossible to determine the activity of individual components of the distribution.
■ CHALLENGES IN DEVELOPMENT AND INTERPRETATION OF MULTIVALENCY MODELS
The presence of a range of ligand-to-scaffold ratios complicates evaluation of physical models of multivalent activity. Without an understanding of the distribution of conjugates present within a sample, it becomes impossible to assign the active components in the mixture. What minimum valency is needed to accomplish a multivalent interaction on a surface? Is there a kinetic advantage to achieving higher valencies? At what valency do thermodynamic effects (i.e., reduced solubility, steric crowding) negatively impact binding? How can activity differences be explained for samples that appear the same by ensemble techniques such as NMR? Mechanistic understanding of multivalent behavior allows for the design of new conjugates with optimized behavior but, to date, has remained a significant challenge for the field.
14 In order to highlight these challenges, let us consider a specific example from the literature. In 2007, Banaszak Holl and co-workers examined the binding of a series of stochastic G5 PAMAM conjugates of folic acid to folate binding protein via SPR. 96 A decrease in dissociation constant was observed as the average valency of the conjugate was increased from 2.6 to 13.7. The authors proposed a mechanism to explain this trend in which dissociation slows with each additional conjugated folic acid because a new ligand−protein interaction is formed (Figure 8a ). However, upon further consideration of the distributions of folic acid-to-dendrimer ratios present in such samples, the authors proposed a different mechanism. 107 This model establishes two binding populations for each sample: monovalent conjugates that are only capable of weak, reversible interactions, and multivalent conjugates with two or more folic acids that all experience a strong, irreversible binding ( Figure  8b ). This model attributes differences in dissociation between samples not to separate mechanisms but to the decrease in zerovalent and monovalent material as the overall average increases ( Figure 9 ). A third model was proposed by Licata and Tkachenko in 2008. 108 This model attributes the increased interaction of the conjugate to be due to van der Waals interactions between the protein and dendritic scaffold. The polymer−protein interactions must initially be keyed by a single, specific interaction of folic acid and folate binding protein but do not depend on multivalent folic acid interactions with the SPR surface (Figure 8c) .
Recently, van Dongen, Banaszak Holl et al. had success in isolating samples of G5-FA n conjugates containing nonstochastic distributions including a sample that was >95% G5-FA 1 .
109 Using these materials, experiments confirmed the proposed mechanism of Licata and Tkachenko as being the most consistent and ruled out both hypotheses based on multivalent FA interactions. For in vitro interactions with folate binding protein, multivalent display of FA ligands did not increase the binding constant appreciably and had only minor effects via increasing overall concentration of FA in solution. Indeed, it was confirmed that the previously hypothesized "strong multivalent binding" 96 could be obtained with only a single FA per polymer scaffold as illustrated in Figure 8c . In this case, elimination of the Poisson distribution was crucial for obtaining clear experimental results.
This example shows that the presence of a single ligand-toscaffold distribution can be challenging. Earlier, problems due to multiple conjugations were introduced, such as the presence of nontargeted particles, invisible particles without dye, or monovalent drugs without improved activity profiles. The possible effects of both single and multiple ligand-to-scaffold distributions will be further examined in the next section.
■ IMPACTS OF CONJUGATE HETEROGENEITY IN
BIOLOGICAL APPLICATIONS Targeting, Specificity, and Biodistribution. In 2011, a simulation study by Martinez-Veracoechea and Frenkel discussed how ligand valency, binding strength, and level of receptor expression affect specificity of binding. 110 The authors concluded that monovalent conjugates had no specificity regardless of receptor density and that adsorption varies linearly with receptor density. Multivalent conjugates, by contrast, exhibit superselective behavior (i.e., adsorption increases much faster than linearly with receptor density). Therefore, low concentrations of multivalent conjugates can specifically target cell surfaces that are overexpressing a receptor protein, without affecting low-expressing, healthy cells. However, stochastic multivalent conjugates with average ligand-to-scaffold ratios of ∼5 or less have significant populations of unfunctionalized or monovalent conjugates. The monovalent species will bind to healthy or unhealthy cells equally and may still be uptaken via a receptor-mediated pathway. More generally, the presence of a Poisson distribution of ligand per scaffold will make it more difficult to match a number of nanoparticle-conjugated ligands to available cell receptors, therefore achieving optimal superselectivity.
The degree of valency of hydrophobic ligands influences the localization of a conjugate within a patient's body, tissue, or cells because surface hydrophobicity is a key factor for both opsonization and immune response as well as endocytosis pathways upon cell entry. 111−113 In general, more hydrophobicity is believed to correlate with a greater degree of protein coating and a more rapid clearing by the reticuloendothelial system (RES). The potential activation of multiple biological pathways and system-wide responses in vivo creates a substantial challenge to the understanding of stochastic mixtures containing a distribution of surface hydrophobicity.
Therapeutic Effects. Beyond localization effects, the therapeutic effect of conjugates has been shown to vary as an effect of valency. The simplest mode of therapeutic enhancement is the delivery of a higher drug payload to a single cell than the monovalent equivalent. The amount of drug delivered, of course, varies directly with conjugate valency and therefore a conjugate with a distribution of drug-to-scaffold ratios will exhibit a distribution of effective enhancement, with the measured enhancement being the average valency. For example, higher cytotoxicities are reported for PAMAM−methotrexate conjugates when the valency is increased from 5 to 10. 79 However, a study by DeSimone et al. 114 observed a new behavior at high valency that was not observed at all in lowvalency conjugates or the monovalent ligand by itself. The authors demonstrated that nontoxic transferrin and transferrin antibodies, which are employed as ligands to target various cancers for drug delivery, exhibit selective toxicity to a Ramos lymphoma cell when multivalently conjugated to a PRINT nanoparticle, while remaining nontoxic to solid tumor cells and healthy kidney cells. In this case, a mean of 1200 transferrin proteins are conjugated to an estimated 1 200 000 surface sites (0.1% coverage), giving a Poisson distribution of transferrin per particle assuming good mixing in the conjugation reactions. The exhibition of novel behaviors at high valencies can create subpopulations within a sample with entirely unique properties.
Imaging Agents. Organic dyes are used as fluorescent probes in order to image biological processes; however, organic dyes are prone to photobleaching and self-quenching. In order to improve aqueous solubility, provide targeting properties, or provide a label, dyes are frequently conjugated to polymer scaffolds. 115 When these conjugations are performed under stochastic reaction conditions, Poisson distributions of dye/ scaffold ratio result, as highlighted in Figures 3−6 and 9. Dye− dye interactions have long been understood to impact photophysical properties, and these effects are readily measured. 116 Therefore, substantial efforts have gone into controlling and understanding dye/scaffold ratios. Mier et al. studied the stochastic conjugation of multiple dyes to PAMAM dendrimer including fluorescein, rhodamine, coumarin, and dansyl. 66 With the exception of dansyl, they found that fluorescence intensity decreased with an increasing mean number of dyes due to a combination of a small Stokes shift and the high effective concentration that results from multiple dyes conjugated to the same polymer core. By way of contrast, in dansyl-modified PAMAM materials, fluorescence increased Figure 9 . Poisson distributions for the three G5-FA conjugates discussed by Hong et al., 96 Waddell et al., 107 and Licata et al. 108 along with increasing dye/dendrimer ratio, presumably due to the large Stokes shift of 195 nm. Schroeder et al. examined Cy3 and Cy5 dye optical properties conjugated to G5 PAMAM or G6 PAMAM dendrimer in order to create a new set of materials for biological imaging with enhanced stability and increased accuracy in single-molecule imaging. 117 Dendrimer mixtures with an average of 8 Cy5 dyes gave slower photobleaching compared to that of free dye, with a 6−10-fold increase in the photobleaching lifetime value for G5 PAMAM. The dendrimers with an average of 14 Cy5 dyes on G6 PAMAM showed a ∼17-fold increase in photobleaching lifetime value. Note that the average conjugation numbers used in this case will generate mixtures with <0.5% of the material having zero or one dye, thus helping to eliminate the most dramatic difference in effective local concentration, and thus photophysical properties, that typically occur as a dye/polymer ratio is varied. Wagner et al. employed stochastically prepared G3 PAMAM dendrimer conjugated to a mean of 1 Alexa Fluor 555 dye to quantify the rate constant of dendrimer uptake in Caplan-1 cells. 118 Assuming a Poisson distribution, this material should have about 37% of the dendrimer containing no dye, 37%, one dye, 18%, two dyes, and 6%, three dyes. Interestingly, rp-HPLC did not resolve different species as being present in this case, although separation is possible for other dye ligands. 14, 65 In this study, both the average uptake rate for the dye conjugate materials and the predicted efflux rate were reported on the basis of measurements of the mean fluorescence of the mixture. Differences in dye fluorescence as a function of conjugation number per dendrimer particle 65, 66, 117 were not addressed as part of the study. For all of these imaging studies, the presence of the large number of hydrophobic dye molecules per dendrimer may itself substantially impact the biological behavior of all of these samples. 111, 112 Understanding the role of biodistribution for such species represents a major challenge for the application of these materials.
■ APPROACHES TO OVERCOMING HETEROGENEITY PROBLEMS IN MULTIVALENT CONJUGATES
As indicated above, mixtures of ligand-to-scaffold ratios can complicate the synthesis, evaluation, and clinical application of multivalent conjugates. A number of synthetic strategies to overcome this problem have been employed (Figure 10 ). Methods employed include using high densities of functional ligands to avoid under-modified populations with limited activity, 66,104,106,117,119−121 techniques that create clusters of ligands to optimize local concentration effects, 122−124 and the synthesis of precise conjugates, using biologically inspired scaffolds 125−127 and both bottom-up 59, 98 and top-down (or convergent 128, 129 and divergent, 65 in the case of dendrimers) synthetic approaches, in which all species in the sample have the same ligand-to-scaffold ratio. In this section, we will provide a brief review of some successful applications of controlled multivalent conjugates over the last 10 years.
High Density Conjugates. At high percentages of modification, and assuming ideal or close to ideal conjugations (to avoid nonideal populations like the example in Figure 6 ), the amount of unmodified and low-average conjugates becomes minimal, allowing for benefits of effective concentration based multivalent behavior. The average distances between conjugated ligands on a scaffold also decreases, and at some point it can be assumed that the ability to have chelate effect type multivalent interaction is limited by the scaffold size and not the relative location of the ligands.
Exhaustive Conversion of Small Numbers of Terminal Reaction Sites. A number of strategies have been implemented to reduce or eliminate distributions of ligand-toscaffold ratios. In the resulting conjugates, heterogeneity is limited by the scaffold polydispersity instead of conjugate distributions. For example, polymers containing a small number of arms containing reactive sites can be exhaustively reacted to give integer multiples of the number of terminal groups. 121 This strategy was introduced earlier in the discussion of the G4 PLL dendrimer with napththalene disulfonic acid conjugated to the surface (SPL7013) developed by Starpharma as VivaGel. 80−82 A similar approach was employed to exhaustively funtionalize G4 PLL with PEG 130 and with a 1:1 ratio of PEG and MTX using a preformed linker containing each ligand. 131, 132 A recent report from Szoka et al. illustrates this strategy in a system that allows facile variation of scaffold molecular weight, appears to be scalable, and could be readily extended to explore various ligand-to-scaffold ratios (Figure 11) . 133 Atom transfer radical polymerization (ATRP) was employed to grow eight poly-(ethylene glycol) methyl methacrylate (PEGMA) arms from a tripentaerythritol core. Subsequent stoichiometric conjugation of doxorubicin to the ∼45 kDa core yielded an average 5−8 doxorubicin per star-comb polymer, as determined by optical absorption measurements. Another notable example of exhaustive conversion of reaction sites with functional ligands is glycopolymers. 134−138 This class of polymers exhibits the cluster glycoside effect, which is broadly used to describe the enhanced binding and activity of multivalent carbohydrates compared to the monovalent equivalent to proteins involved in a variety of biological events. 139 Although linear and graft glycopolymers with low polydiserpsities have been successfully synthesized, 140, 141 these samples still represent a significant range of valencies due to the nature of the polymer scaffolds. Attempts to prepare monodisperse glycopolymers have been made via taking advantage of the dendrimer architecture, which can, theoretically, be synthesized as molecularly pure. The surface groups of the dendrimer are 100% modified with a saccharide via coupling or click chemistry, using an excess of the saccharide to ensure full conversion. In this way, absolute valency can be controlled by generation number, as the number of end groups scales with generation. 60 For example, in recent work by Jayaraman et al., 119 generation 2, 3, 4, and 5 glycodendrimers were prepared with an expected 4, 8, 16, and 32 mannos-6-phosphate valency, respectively. These structures were confirmed by NMR spectroscopy; however, mass spectrometry and elemental analysis failed due to the large nature of the structures. The larger dendrimers had less-thanexpected valencies (15 and 28, respectively). This example demonstrates the limit of such approaches in obtaining homogeneous structures. As indicated by previous reports, 85, 86, 142 inter-and intramolecular loop formations during dendrimer synthesis can create a distribution of defect species within a dendrimer. The resulting valencies after 100% modification with functional groups such as saccharides are still a distribution, reflecting the distribution of defect species in the dendrimer scaffold. Without further structural characterization of the scaffold, it is difficult to determine if the coupling reactions of Jayaraman et al. failed to go to completion, leaving unreacted carboxylic acids on the dendrimer, due to steric crowding. It is more likely, however, that this observation is actually a reflection of heterogeneity in the scaffold (PAMAM dendrimer), which is known to contain skeletal defects which reduce the average number of reactive groups by more than 25% by generation 5. 86, 143 Another recent example of glycodendrimers by Riguera et al. 104 highlights the inherent coupling of conjugate size and valency by this technique. Generation 1−3 dendrimers with 3, 9, or 27 surface conjugated mannose units were prepared and evaluated by SPR for the ability to bind to high-and low-density Concanavalin A (ConA) surfaces. In this work, two separate binding mechanisms were observed: low-affinity binding for all generations on the low-density protein surface and high-affinity binding for only the largest dendrimer on the high-density surface. The authors point out that the distance between proteins on the low-density surface is greater than the diameter of any of the dendrimers and that the only multivalent effects possible are based on effective concentration and rebinding. However, the distance between the proteins on the highdensity surface allows for only the generation 3 structure to experience the chelate effect, breaching the distance between two proteins on the surface. However, this work cannot determine what, if any, multivalent effects a larger, but lower valency, dendrimer would experience, and whether there is any additional benefit to fully functionalizing the dendrimer surface or if there is a threshold valency for chelate interactions.
Other scaffolds have been exhaustively converted to achieve the glycoside cluster effect. Renaudet et al. 106 employed a dendrimer-like multivalent display of mannose. Their findings confirmed that display of 16 carbohydrates showed more multivalent interactions than that of a corresponding tetravalent unit (Figure 12 ). However, this work also used two linking systems to combine the four tetraclusters and showed a significant enhancement of multivalent interaction with ConA with a more flexible linker. This observation hints at the importance of scaffold architecture in multivalent binding, a topic that will not be further explored here.
Other ligands beyond glycosides have been used to exhaustively convert multivalent scaffolds. Mier et al. exhaustively converted PAMAM dendrimers to saturated numbers of dansyl dyes. 66 Fei et al. exhaustively treated G2 PAMAM dendrons with thiazole orange. 144 Dendrons were also used as scaffolds for multivalent peptides by Welsh and Smith. 120 First-and second-generation dendrons fully converted to precisely 3 and 9 Arg-Gly-Asp peptides were prepared and evaluated for integrin binding affinity as a potential cancer targeting agent. Although the trivalent dendron showed enhanced affinity compared to that of the equivalent monovalent peptide, the higher valency generation 2 dendron had lower affinity for the integrin. The authors speculate that this trend is due to steric crowding of the ligands, interfering with the interaction between the peptide and target. This study emphasizes the importance of identifying the ideal valency for complex biological systems, as apparently more is not always better.
As indicated by the peptide−dendron example, the highervalency-is-better approach is not always optimal for multivalent activity. Complete conversion of the scaffold is not always ideal, either. Not all ligands can be solvated at such high valencies, and nontoxic ligands may become toxic at high valencies, as discussed earlier, 114 which may not be a desirable trait. Therefore, the distribution of species problem created by less-than-full conversions has been addressed by Choi and coworkers by systematically increasing the ligand density to reach desired activity levels while maintaining conjugate properties such as solubility. 79 This approach allows for the comparison of the multivalent behavior at low-average and high-average valencies. In addition to the PAMAM−folic acid example detailed in an earlier section 100 and the related G5 PAMAM conjugates to methotrexate (Figure 13a) , 79 Choi and coworkers reported a SPR study of a vancomycin conjugates. Several ligand-to-scaffold ratios ranging from 1.2 to 8.3 ( Figure  13b ) were tested for the ability to bind to surfaces that mimicked vancomycin susceptible and resistant bacteria. 32 Although free vancomycin did not significantly bind to the "resistant" surface, all of the multivalent conjugates did. Interestingly, the strength of binding was not influenced by valency, even when the average valency was increased from 1.2 to 8.3, a reduction of the monovalent population from around 180 particles of 500 (36%) to less than 1 in 500 (0.2%). This observation suggests that either the monovalent species is not participating at all in the binding and therefore is not observed or that the mechanism of binding depends on the attachment of a single ligand to the scaffold, inducing a further scaffold/ surface interaction, and not on the valency (similar to the proposed mechanism for PAMAM−folic acid in Figure 8c) . A purely monovalent conjugate without the presence of a distribution would be necessary to distinguish between these mechanisms. As demonstrated by these examples, employing high-ligand-density samples is an approach that can be successful in creating conjugates with the desired properties, but it does not generally lead to clear mechanistic insights of the systems being studied. Ligand Clustering. High ligand densities are in part successful because they maximize local concentration and statistical rebinding mechanisms of multivalency. However, exhaustive conversion of reaction sites is not possible for many ligand-to-scaffold systems due to challenges with solubility and steric crowding and biological effects related to opsonization and biodistribution. 111, 112 An approach to increase local ligand concentrations without fully functionalizing a surface is to create patches or clusters of the ligand on the scaffold (Figure  10b ). In a recent study by Gillies et al., 122 polymer vesicles were functionalized with dendritic clusters of ∼7 mannose units (Figure 14b) . The surface density of clusters was also varied by controlling the amount of azido-functionalized polymer in the vesicle scaffold to give statistical distributions. As a control, the same vesicles were functionalized with a nonclustered, monomeric azido-modified mannose to create multivalent mannose structures that did not have the localization effects of the dendritic clusters (Figure 14a ). The vesicles were evaluated by a hemagglutination assay, which measured the ability of the vesicles to inhibit red blood cell clustering by selectively binding the ConA. When compared to free mannose, the multivalent but nonclustered vesicle had approximately 4 times the activity as free mannose relative to the amount of mannose present, likely due to a chelate-type interaction. However, the activity of the equivalent cluster functionalized vesicle was over 40 times that of the monomer on a mannose-to-mannose basis. This example highlights the importance of controlling the spatial distribution of ligands on a scaffold system for such systems. In another example, Pine and co-workers recently published methods to synthesize polymeric scaffolds with localized, directional binding patches. 123 In this work, colloidal particles were prepared from nanoclusters with 1−7 amidine patches in symmetric orientations. The original work utilized these selectively active sites to assemble larger nanostructures; however, the translation of these sites to directional multivalent binding scaffolds is clear. Complete functionalization of these sites with multivalent ligands would create areas of high local concentration, and multiple patch sites allow for well-defined, chelate-type cross-linking. Other scaffolds, such as PAMAM dendrimers, are more flexible than the cross-linked vesicle, which allows the ligands to be localized even if they are bound on different polymer branches. However, creating bifunctional conjugates (e.g., with a drug and a targeting ligand) still creates a more heterogeneous population. In 2012, Baker et al. 124 synthesized triazine-based clusters of a single folic acid (targeting ligand) and a single methotrexate (drug ligand) with an azide click chemistry group. These clusters were then clicked to a previously synthesized, stochastic distribution of dendrimer-alkyne click ligand conjugate. In the resulting product, which still contained a distribution of ligand-to-scaffold ratios, each unique species contained the same proportion of drugs and target ligands. There is a reduction in unique species from ∼170 in the equivalent, double-conjugation approach (Figure 15a ) to ∼13 by employing only one conjugation (Figure 15b) . Importantly, the single distribution conjugate exhibited higher growth inhibition for KB cells than a double-conjugation sample, the latter of which actually had a slightly higher methotrexate valency. This result is possibly due to the elimination of untargeted treatment populations and drugless but targeted species from the sample. In this case, presence of a larger distribution of samples actually counteracts the benefits of multivalency. This example emphasizes the importance of considering the activity impacts of complicated, sequential synthesis of multifunctional systems.
Precise Ligand-to-Scaffold Ratio Conjugates. Although high-density surfaces and ligand clustering improve conjugate behavior, mechanistic assignment of activity and identification of populations with optimal behavior are best done with homogeneous samples. The presence of a heterogeneous mixture of products in these approaches (except for full conversion of perfectly homogeneous scaffolds) may also present complications in scale-up, prevent clinical application, or fail to meet FDA requirements for approval. Therefore, several strategies, which can be broadly categorized as biologically inspired approaches, bottom-up (or convergent dendrimer) approaches, and top-down (divergent dendrimer) approaches, have been employed to synthesize multivalent conjugates in which all species present have the same ligand-toscaffold ratio.
One approach is to add detergent to solubilize well-defined, hydrophobic dendrimers, as was demonstrated for the case of polyphenylene dendrimers containing well-defined numbers of dye molecules. 146 Another approach is to make the hydrophobic group the core of the polymer scaffold. This goal has been achieved using a perylenediimide core and polyester dendritic arms by Yin et al. 147 and using fluorescein or perylenediimide cores and polyglycerol arms by Zimmerman et al. 148 Placing the dye at the core resolves concerns about hydrophobic variation at the dendrimer surface; however, it restricts the polymer particle to a single fluorophore. Florence et al. also demonstrated that this goal could be achieved by synthesizing a branched lysine dendrimer that was intrinsically fluorescent.
149
Several groups have taken advantage of the homogeneity of biological nanoparticles as precise scaffolds and protein oligomers as well-defined arms. Proteins are of great interest as multivalent scaffolds because their nanoscale size allows them to span large areas for chelate effect binding, the welldefined structure allows for precise functionalization, and the protein itself has therapeutic potential. One such application by Zhang and co-workers employed a tetrameric far-red fluorescent protein (tfRFP) as both an imaging agent and a scaffold conjugated multivalently to cancer targeting peptides (Figure 16a) . 125 The N and C termini of each unit in the tfRFP were conjugated to 14-mer targeting peptides to create conjugates consisting of exactly 8 targeting peptides per tfRFP. By way of comparison, random conjugation of an average of one fluorescent probe and 8 peptides to an excess of polymer attachment sites would result in over 300 unique combinations, of which over 30% would not contain an imaging agent. Conjugation of the peptides to the tfRFP significantly increased the uptake of the probe, although it was shown to decrease the fluorescent intensity of the tfFRP. The location and number of functionalizable sites limits the placement of multivalent ligands on proteins, however, which may not allow for optimal effective concentration enhancements. Ikkala et al. addressed this challenge by utilizing dendrons of varying generations to create DNA binding patches of varying valency on two different protein scaffolds, bovine serum albumin (BSA), and a genetically engineered Class II hydrophobin (HFBI) (Figure 16b) . 126 This work takes advantage of a single cysteine residue available on each protein for thiol reactions to the dendrons. Employing dendrons with 3 or 9 surface primary amines allows for precise valency control of the resulting conjugate. Although there was only a 50% yield for the BSA scaffold (due to oxidation of the cysteine), the purified products contained a single dendron per protein. The DNA binding of the conjugates were then evaluated by an ethidium bromide displacement assay. The unmodified proteins did not bind the DNA, whereas the conjugates bound the DNA to varying degrees. The smaller HFBI conjugates had relatively higher affinity compared to that of the larger BSA conjugates, which the authors attributed to the differences in dendron-to-protein size (which could translate to a percent functionalization effect). As expected, the higher valency of the larger dendron also promoted DNA binding.
The precise interactions of nucleic and amino acids have also been utilized to craft homogeneous multivalent structures. Seitz and co-workers recently performed a thorough proof-ofconcept study proving the usefulness of DNA as a template for creating precise multivalent architectures in a bottom-up approach (Figure 16c) . 150 In this work, base pairing between DNA and synthetic peptide nucleic acids modified with Nacetyllactosamine (LacNAc) was employed to tailor scaffolds with precisely defined valency, precisely defined spacing, and varied flexibility. The binding of LacNAc to Ricinus communis agglutinin (RCA 120 ) is known, with two binding sites that are ∼130 Å apart across the concave surface of the protein. As such, valency effects were studies by synthesizing complexes with 1−4 LacNAc. The strongest absolute binding, as measured by K D , was observed for the tetravalent construct, although this sample did not have the highest relative potency per LacNAc, indicating that this enhancement was due to increased effective concentration/statistical rebinding. Two different spacers were used to vary the length between LacNAc units in divalent complexes. As expected, the spacer that more closely matched the separation of the active sites showed approximately twice the binding activity as that of the complex where the distance between the LacNAc units was too close. Finally, flexibility was evaluated be synthesizing divalent structures that were completely double stranded and partially single stranded between the LacNAc units. The less flexible complex had slightly higher binding, which may indicate unfavorable thermodynamic penalties to obtain binding conformation in the flexible complex. Biologically inspired approaches provide excellent control of scaffold heterogeneity, ligand valency, and spatial arrangement. However, implementation in vivo is often limited by immunogenicity. Therefore, nonbiological but precise conjugates, which may be masked from immune systems, are still actively pursued.
Fully synthetic, bottom-up approaches to creating precise multivalent architectures allow for molecular control of stoichiometry and geometry optimized for a specific target. One such example is the submonomer unit assembly of peptoids to form oligomers with monomer chemical functionality in the desired positions. Kirshenbaum and co-workers 59 demonstrated this technique by synthesizing peptoids with precisely 1−6 azide entities in the monomer side chains. From these multivalent constructs, multivalent displays of estradiol were prepared from alkyne-modified steroids. The multivalent constructs were evaluated by a radiometric competitive binding assay. The monovalent peptoid showed ∼6500 weaker affinity than that of the free estradiol, perhaps due to entropic penalties due to immobilization on the scaffold; however, the bivalent conjugate recovered to ∼100-fold weaker affinity. This observation could possibly be attributed to chelate-type binding, as estrogen receptors can exist as dimers. Minor improvements for the tri-and hexavalent conjugates can likely be attributed to effective concentration effects. The solid-phase peptoid synthesis allows for tailoring of space between the active monomers so that the biological structures of interest may be matched. Vidal et al. 98 employed peptoid and porphyrins as small scaffolds to match lectin symmetry. Two lectins with different symmetries were studied. A flexible, linear tetravalent glycol−peptoid conjugates and cyclic peptoids of the same valency were first compared. The linear peptoid did not exhibit any inhibition behavior in a hemagglutination inhibition assay, whereas the cyclic cluster selectively inhibited coagulation with one erythrocyte (Pseudomonas aeruginosa) but not the other (Erythrina cristagalli) tested. However, there was very little measurable effect of multivalency over the monovalent ligand (∼4 times the potency). By way of contrast, a square planar tetravalent porphyrin selectively inhibited the Erythrina cristagalli with over 150 times the relative potency of that of the monovalent glycoside. Increasing the valency to 6 had no additional favorable effect, and changing the symmetry to orient all 4 glycosides in one direction or placing 2 in an opposite direction both negatively impacted the behavior of the conjugate. This study demonstrates the importance of precise control of ligand orientation for minimizing thermodynamic costs in achieving ligand−target interactions, especially with inflexible scaffolds.
The convergent assembly of functionalized dendrons is an interesting strategy to avoid the heterogeneity associated with conjugation to preformed polymer scaffolds, analogous to bottom-up approaches. An approach making use of three independent dendron units was published by Weck and coworkers (Figure 17) . 151 In this work, 1 H NMR data with molecular-level quantitative integrations are provided to support the structural assignments for the three major base dendron structures (dendrons 1, 2, and 5 in the original report) as well as the key linking step between two of the dendrons. The functionalizable scaffold formed upon linking all three dendrons is designed to have 9 terminal amines and 9 terminal azides on a scaffold that contains a theoretical total of 72 terminal groups. Again, integrated 1 H NMR data provides the primary characterization of this assignment, and integrations are largely in agreement with the assigned structure. Although for divergently synthesized dendrimers such ensemble level data can hide substantial defects in branching structures, in this instance the structural characterization of the individual dendrons used to assemble the final dendrimer gives additional support to the assignment in the larger scaffold. The final functionalization step employed 2 equiv of dye per terminal amine to drive the reaction to completion. MALDI-TOF mass spectrometry indicated that the dendrimer containing 9 dyes was present, although the presence of material resulting from incomplete conversion cannot be ruled out based on the mass spectrometry, NMR, and absorption data presented. In 2010, Weck and co-workers developed a method to construct generation 2 poly(amide)-based dendrons and dendrimer materials using click chemistry. These materials had the multifunctionality of amine, azide, and alkynes. 128 This work represents a large step toward creating monodisperse polymers since the dendrimers synthesized had ∼100% completion reactions for each generation, as determined by various characterization techniques. This has been a major challenge in creating many dendrimer materials, including the PAMAM dendrimer. 128 In 2011, Weck and co-workers conjugated these well-defined dendrimer materials to near-infrared cyanine dyes in order to create monodisperse polymer imaging agents. 129 Assembly of prefunctionalized arms into dendrimer topologies has also been employed to provide better control of ligand-to-scaffold ratio. Improvements using this strategy are illustrated by work out of the Simanek group using the triazine dendrimer scaffold. Their initial efforts employed the statistical, substoichiometric conjugations described in detail above. In order to improve on the distributions obtained, which lead to an undesired level of heterogeneity, 152, 153 Simanek et al. constructed a new triazine dendrimer scaffold from prefunctionalized arms nominally containing 16 paclitaxel ligands and 8 PEG chains. 154 A combination of 1 H NMR spectroscopy, HPLC, and GPC suggests that the resulting mixture consists of material with the desired 16 and 8 ligand-to-scaffold ratios as well as a second major species, possibly resulting from a missing arm, that contains 14 paclitaxel and 7 PEG.
Convergent approaches are difficult to extend to highergeneration dendrimers. Recent work by Banaszak Holl and coworkers utilized reverse-phase high-performance liquid chromatography (rp-HPLC) to isolate divergent, generation 5 PAMAM dendrimers with precise ligand-to-scaffold ratios. 14, 15, 83, 87 Separation has been achieved using both azideand alkyne substituted "click" ligands as well as dye ligands. On the semipreparative scale, isolation of tens of milligrams of products is routine. To date, the approaches have been employed for fluorescein and TAMRA dyes, 65 targeting agents, 109 and to assemble dimers, trimers, tetramers, and pentamers of dendrimers ( Figure 18 ). 87 These approaches provide materials with a systematic control of surface hydrophobicity for a given choice of ligand and thus provide an opportunity to explore the impact of ligand-to-dendrimer ratio on opsonization and biodistribution.
■ FUTURE PERSPECTIVES
In the pursuit of multivalent polymer conjugates that are effective for biomedical applications, many issues must be addressed. First, it is important to acknowledge the conjugation heterogeneity present in a ligand−scaffold conjugate and the impacts of this heterogeneity on the desired application. Then, the best way to minimize or eliminate the impacts of differential hydrophobicity, multivalent binding, and so forth can be determined. Systematic variation of ligand density has proven to be a facile route to improved conjugate activity that can lead to samples that, while still heterogeneous, limit the population of inactive species. 66, 117 Such high-average samples, when not Figure 18 . Schematic procedure for obtaining precise ligand-to-dendrimer ratios. rp-HPLC separation of a stochastic mixture of hydrophobic ligands allows isolation of dendrimer containing precise ratio ligand-to-scaffold ratios for dyes and "click" ligands. The click ligands can then be converted to dyes, targeting ligands, or therapeutics.
plagued with undesired properties such as insolubility or nonspecific cytotoxicity, may be the easiest and/or fastest method to bring a conjugate to clinical scales. The distributions can be further reduced in complexity by the application of heterofunctional ligands. 124 Methods that allow preparation of polymer constructs with a controlled number of functional arms also appear to be particularly promising. 125, 133, 150, 151, 154 Achieving precise ligand-to-scaffold ratio for these widely employed multivalent conjugates must also continue as the best way to distinguish mechanisms of activity and identification of active components within a sample. 14, 15, 65 For other applications, a more structured approach to maximize specific multivalent effects is best for achieving the desired interaction. If target chelation is not a desired outcome (for example, in the PAMAM−folic acid case when even 1 ligand is sufficient to achieve the desired behavior), then it is best to pursue conjugate techniques such as ligand clustering to maximize local concentration effects. Employing flexible scaffolds might also minimize the need for precise control over ligand spatial distributions. If the exact geometry is known, then effort might be best spent in optimization of the scaffold choice for precise control of ligand placement to minimize entropic penalties of bringing multiple ligands into the desired geometry. It is easy to neglect the contribution of effective concentration effects in favor of achieving architectures that exhibit chelate binding in such systems; however, the works highlighted here indicate that these can be the dominant effect. Although much work revolving around clustering has been pursued with glycoclusters, it is reasonable to believe such effects may translate to other ligands of biological interest. An interesting area to pursue would be to combine a precisely tailored geometry, such as that seen with the square planar complexes of Vidal et al., with preclustered ligands on a dendron to high local concentrations and precise localization of cluster geometry. 98 As such, applying ligand clustering via click reaction to either distributed or precise conjugates on flexible scaffolds like PAMAM may provide new optimization of multivalent behavior.
In summary, multivalent, multifunctional polymeric conjugates are highly attractive for the targeted delivery of drugs and imaging agents. However, common approaches to the synthesis of polymer conjugates involve many steps and can lead to complex mixtures and a wide array of products. The presence of these statistically driven product distributions can be hard to assess by most chemical and biological techniques employed to evaluate the samples. As such, progress toward understanding the impact of such heterogeneous distributions on the activity of the conjugates is slow. Recent work in systematically modifying the distributions of ligands present and crafting of precise multivalent architectures has allowed for better elucidation of multivalent behavior.
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